Abstract: Acoustic inversion is useful to extract information from seismic data. Inhomogeneities of salt deposits should be predicted before the decision of underground storage location is made. The work concerns the possibility of detecting anhydrite intercalation in the rock salt from seismic dataset. The resolution strongly depends on signal to noise ratio. The synthetic pseudoacoustic impedance sections are generated for efficiency test of predictive and minimum entropy deconvolution process, when random noise distorts the seismic traces.
INTRODUCTION
Rock mass containing salt deposits displays high seismologic inhomogeneity. Both geometrical and lithological inhomogeneities of salt deposits must be predicted before the underground storage location is fixed. Geometrical inhomogeneities are related to thickness changes, dying-out of strata [3] , etc. Lithological inhomogeneities are related to the presence of different kinds of salts and facial changes. Many technical problems are connected with intercalation of anhydrite within rock salt beds [7] . A reflection seismic method forms a vast data source of information on the structure of the subsurface. The reflection seismic method creates a geophysical sampled picture of the subsurface, which has to be interpreted in a geologically meaningful manner.
The interface between layers is usually related to sedimentary bedding plane. The seismic response of reflected wave is dependent on the amount of acoustic impedance (AI) changes over the interface. Acoustic impedance is defined as the multiplication of density and velocity AI = density × velocity.
Each seismic layer in the subsurface has its own acoustic impedance. The seismic section displayed an amplitude which is proportional to the reflection strength. The reflection coefficient is a function of acoustic impedance.
Acoustic inversion AI transforms the seismic section to pseudoacoustic impedance section. Inversion of seismic data is widely used in investigation of hydrocarbons to estimate reservoir geometry and petrophysical feature. High resolution pseudoacoustic impedance sections allow detailed lithology-fluid prediction at various stages of the reservoir life cycle [8] . The benefit of the inversion is that the seismic resolution is increased and pseudoacoustic impedance is closely connected to acoustic impedance of layers, so geological interpretation is more comfortable. There are several ways to achieve such transformation [11] . The acoustic inversion method is useful for detection of inhomogeneities, but in practice is complicated and in some cases visual interpretation is difficult. The nonuniqueness in the seismic inversion is mainly due to band limited frequency even for noise free data [1] , [9] . In practice, forward-modelling simplification is needed to estimate the resolution in reasonable time; especially, for adaptation of acoustic inversion AI method to a new target as recognition of inhomogeneities of salt deposits.
Signal parameters briefly influenced the resolution. The resolution is controlled by spectral bandwidth [4] . For vertical resolution the yardstick is the dominant wavelength, where wave velocity is divided by dominant frequency. The vertical resolution is understood as a limit on two reflections being still separable, one from bottom one from the top.
In practice, seismic traces, are always distorted by random noise and wave propagation phenomena. The random noise is independent of time. This means that the level of random noise is constant throughout the E. KAWALEC-LATAŁA 42 registration time. When the noise in seismic data decreases the accuracy and reliability of interpretation increases [2] . Unfortunately, complete elimination of noise from seismic measurements is not possible When the signal to noise ratio N/S is poor, visual interpretation is especially difficult or sometimes impossible [2] . Modern seismic data processing can eliminate much of the distortion. An important procedure to help repair the damage to the spectrum (caused by seismic source, transmission through the earth and the recording instruments) is a deconvolution [10] . The inversion procedure is not a unique process. This nonuniqueness is mainly due to band limited frequency even for noise free data [1], [9] . So, modelling pseudoacoustic impedance sections is recommended for verification of the effectiveness of deconvolution process for the inversion procedure and, as a result, for accuracy and reliability interpretation.
The work concerns the possibility of recognizing space distribution of anhydrites in the rock salt from seismic data by interpretation of pseudoimpedance acoustic sections obtained by acoustic inversion AI. The effectiveness of predictive deconvolution and minimum entropy deconvolution MED is discussed for the data strongly distorted by the random noise. Numerous examples of modelling are presented. The synthetic sections are constructed for high noise level (20%).
The seismic traces are generated for seismogeological model. A simplified seismological model is created on the basis of geological data from LGOM area [6] , [7] 2. MODELLING For the entire process, the authors' own computer system INVERS was used [5] . The system INVERS consists of two main parts: (1) modelling, (2) visualization of results.
First, the synthetic seismic traces are generated for seismogeological model. Synthetic seismogram was calculated as a convolution of reflection coefficient series with seismic signal. The signal of Puzyriev s(t) was used
The parameters of the signal are: f 0 -dominant frequency, ϕ 0 -initial phase, β -dumping factor.
The ratio f 0 /β determines the length of signal. When the ratio f 0 /β = 1 the signal is relatively short, the ratio f 0 /β = 2 gives the long signal. Next, seismic traces were distorted by the random noise.
The seismic trace is defined as convolution of the reflection coefficient series and source wavelet. Synthetic seismogram with additive noise has the form
where r(t) -the reflection coefficient series, w(t) -source wavelet, x(t) -synthetic trace, n(t) -additive random noise. Following the simulation of the seismic sections the acoustic inversion AI was done.
The acoustic inversion of seismic traces makes its possible to obtain pseudoacoustic impedance traces. The resolution of the pseudoacoustic impedance sections depends in reality on signal parameters and noise level. For band limited seismic data an important procedure to higher resolution is a deconvolution.
DECONVOLUTION OF SEISMIC TRACES
In a mathematical sense one must find the solution to an equation form (2) .
Reflectivity function r(t) is the required solution.
Inversion process used the seismic trace as the reflection coefficient series. In practice, the seismic trace is only an approximation additionally distorted by noise. The deconvolved trace gives an approximation to the required reflection coefficients. The quality of the approximation is dependent upon the applicability of the basic assumptions. The deconvolution is an effective tool for improvement of digital inversion [10] .
The classical procedure of decolvolution such as predictive or spiking deconvolution [10] attempt to whiten the spectra. The minimum entropy deconvolution MED [12] approach seeks a solution consisting mainly of isolated spikes, that is, the smallest number of large spikes there are consistent with the data. The minimum entropy deconvolution MED is a technique proposed by Wiggins with the purpose of separating the components of the signal, as the convolution model of smooth wavelet with a series of impulses. The minimum entropy deconvolution MED concerns the maximization Varimax norm 4 ) (
where r is the reflection coefficient sequence vector. Minimum entropy deconvolution MED provide for obtaining the smallest number of large spikes in the Recognition of anhydrite intercalated salt deposit from seismic dataset distorted by noise 43 data. The inversion procedure is not a unique process, so the modelling of pseudoimpedance acoustic sections is useful for the evaluation of the influence of noise on the effective deconvolutions for resolution.
RESULTS -MODELLING EXAMPLE
Pseudoacoustic impedance sections for different signal parameters and 20% random noise level were constructed. The seismic traces are generated for seismogeological model. A simplified seismological model consists of geometrical definitions of the rock salt bed intercalated by thin anhydrite layers dying out and velocity defined elastic feather of rocks [6] . A theoretical, simplified model is presented in Fig. 1 .
In the figure, the left vertical axis is the depth in meters, horizontal axis: number of traces, right axis is the wave velocity in m/s displayed as colour scale. The horizontal scale is the distance on surface along seismic profile. The top of the salt rock is at 300 m and the bottom at about 460 m. The model shows the thickness changes due to dying-out of strata of anhydrite. The thickness of anhydrite changes from 80 to 0 m on the left side, and from 30 to 0 m on the right side, Fig. 1 . A synthetic impulse seismogram was calculated on the basis of this model. Next the seismic synthetic seismograms for different parameters were generated. For this purpose, the impulse seismogram was convolved with various seismic signals. For long and short signals for the same dominant frequency of 40 Hz. The synthetic seismograms were free from noise or dominant frequency f 0 = 40 Hz, initial phase φ 0 = 0, the ratio of dominant frequency to dumping factor f 0 /β = 1, noise 20% a random 20% noise was added. The seismic sections thus constructed were the input data to acoustic inversion (AI). The process transforms seismic sections to pseudoimpedance acoustic sections. In some cases the deconvolution procedure was involved before. The pseudoimpedance acoustic sections generated for the dominant frequency 40 Hz and the ratio of dominant frequency to dumping factor f 0 /β = 1 (short signal) are presented in Figs. 2-5 . In all the figures presenting pseudoimpedance sections the colour scale is reflecting the relative velocity (or acoustic impedance) variations. The left scale is the time [s] . The numbers of seismic traces on surface along seismic profile are on the horizontal scale.
The signal applied to construction of synthetic pseudoimpedance acoustic section is short, dominant frequency f 0 = 40 Hz is low, noise is 0%. The pseudoimpedance acoustic section has good resolution.
The data with random noise on the level 20% have rather low S/N ratio. The presence of anhydrite is visible, but on the left side of pseudoimpedance acoustic section the anhydrite's layer thickness is not accurately mapped. Synthetic pseudoimpedance acoustic section generated with the same signal parameters as in Fig. 3 , but with the process deconvolution included is presented in Figs. 4 and 5 .
When predictive deconvolution procedure was applied before inversion the anhydrite's layer thickness on the left side of pseudoimpedance acoustic section is accurately mapped.
When minimum entropy deconvolution MED is applied before inversion, only the presence of anhydrite is visible on the pseudoimpedance acoustic sec- Fig. 6 . Synthetic pseudoimpedance acoustic section; signal parameters: dominant frequency f 0 = 40 Hz, initial phase φ 0 = 0, the ratio of dominant frequency to dumping factor f 0 /β =2, noise 0% Fig. 7 . Synthetic pseudoimpedance acoustic section with predictive deconvolution; signal parameters: dominant frequency f 0 = 40 Hz, initial phase φ 0 = 0, the ratio of dominant frequency to dumping factor f 0 /β =2, noise 0% tion but the anhydrite's layer thickness is not accurately mapped. The pseudoimpedance acoustic sections generated without noise for the dominant frequency 40 Hz and the ratio of dominant frequency to dumping factor f 0 /β = 2 (long signal) are presented in Figs. 6-8. When the seismic signal is long, even for noisefree data the horizontal reach of the anhydrite's layer is not visible on the pseudoimpedance acoustic section.
When minimum entropy deconvolution MED or predictive deconvolution is applied before inversion the anhydrite's intercalation at both sides on the pseudoimpedance acoustic section is accurately mapped. The result is even better when minimum entropy deconvolution MED is applied. The data are without noise. Such a situation never occurs in reality. So, the examples show how much the deconvolution procedure is an effective tool in the case of long seismic signal.
The pseudoimpedance acoustic sections generated for the dominant frequency 40 Hz and the ratio of dominant frequency to dumping factor f 0 /β = 2 (long signal), with noise being added, are presented in Figs. 9-11. When the pseudoimpedance acoustic section is generated for the dominant frequency 40 Hz and the long signal and the data are distorted by 20% noise the anhydrite's intercalation is visible but weakly mapped.
In the case of pseudoimpedance acoustic sections generated for low dominant frequency 40 Hz and long dominant frequency f 0 = 40 Hz, initial phase φ 0 = 0, the ratio of dominant frequency to dumping factor f 0 /β =2, noise 5% signal (the ratio of dominant frequency to dumping factor f 0 /β =2) and high noise level with predictive deconvolution done before inversion the procedure is not effective. The result is unsatisfactory.
When the pseudoimpedance acoustic sections are generated for low dominant frequency 40 Hz and long signal (the ratio of dominant frequency to dumping factor f 0 /β = 2) and high noise level, with the minimum entropy deconvolution MED done before inversion, the resolution of the pseudoimpedance acoustic sections is slightly higher. The presence of anhydrite is visible, but the intercalation of anhydrite is weakly mapped.
When noise level is low 5% the minimum entropy deconvolution MED done before inversion enhances the resolution. The result is presented in Fig. 12 .
The resolution of the pseudoimpedance acoustic sections generated for low noise level even at the dominant frequency 40 Hz and long signal (the ratio of dominant frequency to dumping factor f 0 /β = 2) is clearly higher. The presence of anhydrite is visible, but the anhydrite's layer thickness is not accurately mapped. Relatively low noise increases efficiency of deconvolution.
SUMMARY
Inversion AI helps to extract additional information from seismic data. The process effectively transforms seismic into pseudoimpedance acoustic section. Such transformation means that seismic information is transformed into the geological domain. It facilities the interpretation. The synthetic pseudoimpedance acoustic sections presented here show how the deconvolution done before inversion processes in the presence of random noise improve its resolution. The data with random noise on a 20% level have rather low S/N ratio. It is necessary to underline that when the sections are constructed for low signal to noise ratio S/N, especially when the model simulates high noise and poor signal parameters: low dominant frequency and long seismic signal (the ratio of dominant frequency to dumping factor f 0 /β = 2), the effect can be sometimes unsatisfactory. In many cases when minimum entropy deconvolution MED or predictive deconvolution is applied before inversion the anhydrite's intercalation on the pseudoimpedance acoustic section is accurately mapped. The result strongly depends on the level of noise. The resolution is slightly higher when minimum entropy deconvolution MED is applied. The presence of anhydrite is usually visible, but the anhydrite's intercalation is sometimes weakly mapped. The results indicated that feasibility studies with synthetic modelling are recommended. In practice, forwardmodelling simplification is needed to estimate the resolution; especially, for adaptation of acoustic inversion AI method, widely used for investigation of hydrocarbons, to a new target as recognition of inhomogeneities of salt deposits.
